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Introduction: Alzheimer’s disease disproportionately affects more women, but paradoxically, 
men have a higher incidence of Mild Cognitive Impairment (MCI). Researchers have suggested 
that women’s verbal memory advantage across the lifespan reflects better premorbid skills, 
which then require more neurodegeneration to manifest early clinical impairment. To date, 
measurement of sex differences in verbal memory have used total list scores. We proposed that a 
granular examination of serial position effects (SPE) in list-learning can refine the source of 
sex/gender differences.  
Methods: A cross-sectional analysis of participants with Mild Cognitive Impairment (MCI) and 
Healthy Controls (HC) was examined from the Alzheimer’s Disease Neuroimaging Initiative–1 
dataset. We first determined whether there were robust sex/gender differences in serial position 
profiles (Aim 1). Second, we examined whether there were significant neuroanatomical 
correlates to these sex-specific SPE profiles, particularly focused on hippocampal integrity and 
prefrontal integrity (Aim 2). Multiple linear regression analyses were stratified by diagnosis (HC 
and MCI) and conducted for each brain region (prefrontal brain integrity and hippocampal 
integrity) to determine Sex/gender by brain region interactions at each SPE position (Primacy, 
Middle, Recency) and Time Point (Learning, Short Delay, Long Delay). All analyses covaried 
for Age, Education, and APOE-ε4 carrier status. 
 v 
Results: Sex/gender differences in learning and recall were localized to better recall of Middle 
and Recency items in HC women, and better recall of Primacy and Middle items in women with 
MCI. Interestingly, for these serial positions, Sex/gender did not significantly interact with 
hippocampal integrity across HCs and patients with MCI. Rather, women with MCI 
demonstrated a significant association of dorsolateral prefrontal cortex volume ratio with Middle 
item recall, such that with more volume, women performed better at this position across all Time 
Points.  
Conclusion: Our findings support our hypothesis that the sex-specific verbal memory advantage 
for women manifests for Primacy and Middle items, possibly through engagement of deep 
semantic processing. Furthermore, at early stages of cognitive decline (MCI), women 
demonstrate a reliance on brain regions other than hippocampus, possibly reflecting an alternate 
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Alzheimer’s disease (AD) is a neurodegenerative disease responsible for gradual decline 
of brain regions associated with memory, language, executive functions (Salmon & Bondi, 2009; 
Weintraub, Wicklund, & Salmon, 2012), and behavioral deficits concomitant with 
neurostructural atrophy and abnormal buildup of amyloid plaques, tau-related neurofibrillary 
tangles (Braak & Braak, 1991; Gado, Hughes, Danziger, & Chi, 1983; Wisniewski & Wegiel, 
1995). With the Alzheimer’s Association (2019a) estimating 5.4 million Americans suffering 
from AD, we need to better understand the predictive utility of risk factors such as age, 
race/ethnicity, and sex. Advanced age is the strongest predictor, with the fastest growing age 
group (over 65 years of age) projected to increase from 40.2 million in 2010 to 88.5 million in 
2050 (Vincent, Velkoff, & Bureau, 2010). Additionally, there are racial and ethnic differences in 
prevalence rates of AD, with older African-Americans and non-white Hispanics far 
outnumbering older Caucasians (Dilworth-Anderson, Hendrie, Manly, Khachaturian, & Fazio, 
2008). Moreover, with regards to sex differences, AD affects women more than men. Firstly, 
two-thirds of individuals currently diagnosed with AD are women (Alzheimer's Association, 
2019a). Secondly, after the age of 65, the lifetime risk of AD is 1 in 6 for women compared to 1 
in 11 for men (Alzheimer’s Association, 2019b). Lastly, women may exhibit a broader spectrum 
of cognitive deterioration and behavioral symptoms than men as the disease progresses (Barnes, 
Wilson, Bienias, et al., 2005; Cahill, 2006).  
Mild Cognitive Impairment (MCI) is a diagnostic category conceived as a means to 
describe early and mild forms of cognitive decline in which daily functions are not sufficiently 
disrupted (Petersen et al., 1999). This diagnostic category has since been further refined into 
amnestic and non-amnestic forms of MCI (Petersen, 2004). Individuals with amnestic MCI 
 2 
demonstrate impairments in learning and retaining new information, decreased hippocampal and 
temporal volumes, and a greater likelihood to progress to AD (Albert, Blacker, Moss, Tanzi, & 
McArdle, 2007; Bondi, Salmon, Galasko, Thomas, & Thal, 1999). Recent studies show a 
paradox in the prevalence rates of MCI and AD with regards to sex. On the one hand, the 
prevalence of MCI is higher in men than in women (Petersen, Roberts, et al., 2010; Roberts et 
al., 2012). But on the other, the prevalence of AD is higher in women than in men. Therefore, it 
is important to clarify what cognitive and neural factors may mask or compensate for what could 
be a more severe underlying cognitive impairment in women. 
The current dissertation investigated this striking demographic of sex differences in AD 
and MCI prevalence with special attention to the neuropsychological disparity of memory and 
language and the underlying biological etiology of these cognitive domains. A better 
understanding of how the biology of sex contributes to cognitive functioning, could provide 
insight into the factors that contribute to the risk of cognitive impairment. The primary aim was 
to investigate sex differences in list learning and retrieval using a granular analysis of serial 
position profile of patient’s diagnosed with mild cognitive impairment and healthy controls. 
Before delving into this exploration, we will review the use of language surrounding sex versus 
gender, highlight relevant epidemiology surrounding sex/gender and AD, discuss different 
disease presentations as a function of sex/gender, and lastly examine the cognitive manifestations 
of sex/gender differences across relevant neuropsychological domains. 
Sex and Gender 
Definition  
Sex refers to the biological construct of chromosomal, gonadal, and hormonal features 
(e.g., male, female, intersex). Gender on the other hand, refers to the cultural and psychosocial 
factors that shape our masculine and feminine identities via social and work-related stressors, 
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education, and occupation (e.g., masculine, feminine, androgynous). These two expressions 
interact to form what we call “men” and “women” in humans. Both sex and gender play 
important roles in the development and expression of diseases, including AD (Carter, Resnick, 
Mallampalli, & Kalbarczyk, 2012; Mielke, Vemuri, & Rocca, 2014). While often congruent, sex 
and gender may act independently or synergistically in determining disease risk. A report by the 
Institute of Medicine (2001) concluded that “being male or female is an important fundamental 
variable that should be considered when designing and analyzing basic and clinical research.” 
Thus, recognizing that sex and gender are both performative roles can clarify how health and 
disease processes differ across individuals and highlight the need to consider how these factors 
inform the development and testing of preventive and therapeutic interventions in individuals. 
Funding organizations around the world including: the European Commission (EC), Canadian 
Institutes of Health Research (CIHR), and the US National Institutes of Health (NIH) have made 
efforts to encourage researchers to integrate sex and gender in the whole study processes from 
hypothesis to publication (Lee, 2018). These guidelines now expect that sex will be examined as 
a biological variable when factored into research design, analyses, and reporting in vertebrate 
animal and human studies. Throughout this dissertation, I use the term “sex/gender” to reinforce 
that any observed differences in AD could be due to biological mechanisms, social mechanisms, 
or synergistic effects of both. 
Epidemiology  
Prevalence is a primary frequency measure used to describe the present public health 
burden. For example, prevalence of dementia is the proportion of individuals currently living 
with dementia in the total population at a given time.  Prevalence rates are often estimated from 
cross-sectional surveys (or administrative health records) in community, clinical, or institutional 
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settings and may be susceptible to selection and survivor biases. Incidence is a measure of the 
new probability of a health condition (i.e., acquiring AD) in a population within a specified time 
period. Incidence is calculated as the number of new cases within a specified time period divided 
by the size of the population initially at risk of getting the condition. Thus, while prevalence rates 
refer to the magnitude of the disease in the population, incidence rates pertain to the risk of 
contracting a disease.  
Results from epidemiological studies have been mixed regarding sex differences in the 
incidence of AD. Edland and colleagues found differences in terms of incidence across a variety 
of countries (2002). Specifically, they found that in certain European countries (Sweden, United 
Kingdom, and France), older women were at greater risk of AD when compared to older men. 
When they examined incidence rates of AD in the United States population [Baltimore 
Longitudinal Study of Aging (Kawas, Gray, Brookmeyer, Fozard, & Zonderman, 2000), 
Framingham Study (Bachman et al., 1993), and the Rochester Epidemiology Project (Edland et 
al., 2002)], however, they did not observe sex differences in incidence rates at the upper age 
range. More recently, a systematic review of 22 studies from around the world found that 
estimates of incidence and prevalence were higher for women compared to men; however, these 
differences were not statistically significant (Fiest et al., 2016). Buckley and colleagues 
examined sex differences in mortality rates of AD and other dementias using population data 
from medical death records in Australia (2017). They found higher numbers of AD-related 
deaths among women and vascular dementia related deaths among men, providing support for 
the hypothesis of greater biological risk of AD in women. Notably, there are several 
methodological challenges for research examining sex/gender differences in risk of AD, 
including challenges in measurement, survival bias, social and historical events, competing risk, 
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and selection bias arising from sample selection. Despite these equivocal findings, AD burden is 
still greater for women. We will now explore sex differences in clinical presentation by 
examining differences in AD pathology, cerebrovascular disease, hormones, treatment response, 
and cognition.  
Sex/Gender Differences Contributing to Alzheimer’s Disease  
Sex/Gender Differences in AD Pathology 
 The cardinal pathological features of Alzheimer’s disease are amyloid plaques 
(extracellular deposition of beta amyloid) and neurofibrillary tangles (intracellular accumulation 
of hyperphosphorylated tau protein) (Braak & Braak, 1991). There is now a growing body of 
literature examining sex/gender differences in AD pathology. In 2018, the National Institute on 
Aging—Alzheimer's Association  developed a diagnostic framework to limit the Alzheimer's 
disease spectrum to biological definitions, thereby distinguishing Alzheimer's disease (AD) from 
other types of cognitive impairment. This was done using biomarker criteria (Jack et al., 2018). 
The classification uses three types of biomarkers—amyloid (A), tau (T) and neurodegeneration 
(N) (ATN classification). In this scheme, diagnostic guidelines are determined solely on 
biomarkers, and cognitive symptoms are used only to stage severity within the continuum.  
The ATN model provides mixed findings regarding sex/gender differences in pathology. 
For example, Jack Jr. and colleagues found similar associations between each of these 
biomarkers in healthy men and women (Jack et al., 2017). In contrast, Buckley and colleagues 
found that healthy women, positive for amyloid pathology, were likely to get more tau pathology 
than healthy men (2019). Interestingly, this difference was associated with entorhinal cortex 
volume, which is one of the first regions to develop tau pathology in AD. Relatedly, in a 
longitudinal cohort study of clergy members, Barnes and colleagues found that women had more 
global AD pathology in the form of neurofibrillary tangles; importantly, this increased tau 
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pathology also clinically impacted dementia symptomology more in women (Barnes, Wilson, 
Bienias, et al., 2005). More recently, Liesinger and colleagues (2018) examined autopsies of men 
and women in a different cohort (the Florida Autopsied Multi-Ethnic; FLAME), documenting 
that women had greater severity of neurofibrillary tangles in the hippocampus, while men 
generally had a higher percentage of hippocampal-independent AD pathology. This set of 
findings corroborates prior clinical findings that women were more likely to present with typical 
AD-like clinical profiles, while men demonstrated more atypical clinical presentations. Thus, 
while there is mixed evidence regarding sex differences in pathology, there may also be 
differences in the clinical profiles of men and women.  
Sex/Gender Differences in Cerebrovascular Disease 
AD pathology is often discussed in the context of beta-amyloid and hyperphosphorylated 
tau; but it is important to note that neurodegeneration of brain structures other than gray matter 
may precede and continue to occur in the disease course. Cerebrovascular disease refers to a 
heterogeneous disorder that affects the blood vessels and blood supply to the brain. There is an 
emerging literature linking small-vessel cerebrovascular disease to the clinical presentation 
(Swardfager et al., 2018) and course of AD (Brickman, Muraskin, & Zimmerman, 2009; 
Schneider, Arvanitakis, Bang, & Bennett, 2007; Yoshita et al., 2006). Cerebrovascular disease is 
classified according to etiology, location, and duration of symptoms. White matter disease 
detected as white matter hyperintensities (WMH) or “leukoaraiosis” on brain magnetic resonance 
imaging (MRI) scans has been identified as a biomarker of long-standing cerebrovascular disease 
– and as an important predictor of life-long risk of stroke, cognitive impairment and functional 
disability (Chutinet & Rost, 2014). Literature on the sex differences of cerebrovascular disease 
suggests that WMH is higher in women, whereas the probability of overt cortical infarcts is 
higher in men (Fatemi et al., 2018). Their study investigated more than 1300 cognitive healthy 
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adults over age 70 and found that sex/gender was independently associated with cerebrovascular 
disease after accounting for differences in midlife risk factors. These findings are consistent with 
a population-based longitudinal study that found elderly women have a greater progression of 
WMH than men, and that progression of WMH paralleled the cognitive decline seen in 
participants over time (van Dijk et al., 2008).  
Similarly, Sachdev and colleagues (2009) found that sex differences are greatest in the 
periventricular WMHs – with greater burden in women. A longitudinal study (van den Heuvel et 
al., 2004) found that women had accumulated approximately twice as much deep WMH as men. 
While the mechanism for these findings is unclear, studies have reported a higher frequency of 
arterial stiffness in women compared to men (Berry et al., 2004; Coutinho, 2014), which could 
lead to remodeling of the cerebral vasculature. Hence, given that WMH is a progressive process, 
women may show greater longitudinal cognitive decline than men because they have greater 
burden of WMH. Furthermore, recent work by Keith and colleagues (2017) demonstrate that 
collagenosis (i.e. wall thickening of the deep venular system) underlies these WMHs which can 
also interfere with clearance of amyloid and  contribute to its accumulation. This may be a 
possible underlying reason for a greater proportion of women with AD compared to men.  
Sex/Gender Differences in Hormones  
Sex/gender differences in AD pathology, be it amyloidosis, tauopathy, or 
cerebrovascular, must include a discussion of how estrogen interacts with each of these disease 
processes. Estrogen, progesterone, and low levels of testosterone are the essential hormonal 
features that confer biologically feminine features throughout development. Animal and cellular 
models have consistently shown the neuroprotective effects of estrogen which include: improved 
synapse formation on hippocampal dendritic spines (Aenlle, Kumar, Cui, Jackson, & Foster, 
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2009; Murphy & Segal, 1996), maintenance of hippocampal function during aging (Han et al., 
2013); improved cerebral blood flow and glucose metabolism (Wang, Santizo, Baughman, 
Pelligrino, & Iadecola, 1999); increased choline acetyltransferase activity in the basal forebrain 
and hippocampus (choline acetyltransferase is involved in the synthesis of acetylcholine, a 
neurotransmitter reduced in AD and implicated in memory function) (Gibbs, 1994; Gibbs & 
Aggarwal, 1998); reduced aggregation of amyloid-beta and associated neurotoxicity (Jaffe, 
Toran-Allerand, Greengard, & Gandy, 1994; Nilsen, Chen, Irwin, Iwamoto, & Brinton, 2006); 
and prevention of mitochondrial damage (Yao & Brinton, 2012).  
Following menopause women experience a relatively rapid loss of estrogen. In a parallel 
fashion, men experience significant declines in testosterone levels with age, but these declines 
are more gradual (Mielke et al., 2014). Additionally, because testosterone can be metabolized to 
estrogen, men do not experience a rapid loss of estrogen as they age. Observational studies 
(Henderson, Benke, Green, Cupples, & Farrer, 2005; LeBlanc, Janowsky, Chan, & Nelson, 
2001; Morrison, Brinton, Schmidt, & Gore, 2006; Shao et al., 2012; Whitmer, Quesenberry, 
Zhou, & Yaffe, 2011; Zandi et al., 2002) have shown a reduced risk of AD following hormone 
replacement therapy (estrogen and progesterone; HRT) if initiated around the time of 
menopause. For example, in the Cache County Study, women who initiated HRT within five 
years of menopause had a 30% lower risk of AD compared to women who reported no use of 
HRT; however, women who began hormone therapy more than five years after menopause did 
not have a lowered risk (Shao et al., 2012). In fact, those who started hormone use when they 
were 65 years or older had an almost two-fold increase in risk. 
Currently, there are two hypotheses for the lack of benefit, or even detrimental effects, of 
estrogen replacement initiated years after menopause or bilateral oophorectomy (Mielke et al., 
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2014). The first is the "window of opportunity," hypothesis, which is based on the mechanistic 
findings that long-term estrogen depletion can cause decreased levels of available estrogen 
receptor in the hippocampus, a highly responsive region to estrogen therapy (Rocca, Grossardt, 
& Shuster, 2011); therefore, the introduction of exogeneous estrogen does not result in the 
neuroprotective benefits of estrogen. The second, "healthy cell bias of estrogen benefit," 
hypothesis suggests that estrogen only yields neuroprotective benefits when applied to presently 
healthy neurons (Brinton, 2008). According to this hypothesis, neurons with damaged 
mitochondria (a feature of aging-related oxidative stress) will not benefit from the introduction 
of exogenous estrogen, and estrogen may even be detrimental under these conditions. Overall, 
the neuroprotective and neurodegenerative features of estrogen play a complex, yet necessary 
role, in clarifying the AD course in women versus men. 
Sex/Gender Differences in Pharmacologic Response 
Given these biological differences, it stands to reason that pharmacologic treatments for 
AD would exert their effect differently by sex/gender. Currently, while there is no disease 
modifying treatment, acetylcholinesterase inhibitors (Mohs et al., 2001; Winblad et al., 2001) 
and N-Methyl-D-aspartate receptor antagonists (Areosa, Sherriff, & McShane, 2005) are 
regarded as having very modest symptom benefits on cognition (Black et al., 2007; Rockwood, 
2004; Rockwood, Black, Robillard, & Lussier, 2004) and behavioral functioning (Lopez et al., 
2002). Observational studies suggest cholinesterase inhibitors and/or memantine may delay 
clinical progression of Alzheimer’s disease (AD) in 40% of individuals who take the medications 
(Mega, Masterman, O'Connor, Barclay, & Cummings, 1999) and delay nursing home placement 
(Geldmacher, Provenzano, McRae, Mastey, & Ieni, 2003). Recent findings indicate that sex 
hormones exert trophic effects on the cholinergic system either directly or through neurotrophic 
factors, and may exert subtle functional differences (Giacobini & Pepeu, 2018). In animal 
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studies, one difference observed is that females have higher activity in the frontal cholinergic 
system whereas males have a higher activity in the hippocampus (Giacobini & Pepeu, 2018). 
Hence, there may be sex differences in response to cholinesterase inhibitors. In the population-
based Cache County Study on Memory and Aging study, Mielke and colleagues (2012) found 
that longer periods of cholinesterase inhibitor use were associated with slower progression on 
both cognitive and functional decline in women compared to men. Moreover, these effects were 
more pronounced in women carrying an APOE-ε4 allele, a major genetic risk factor for AD. 
Investigations of sex differences in treatment response to AD are unfortunately not standard in 
pharmacological trials; however, these early findings with cholinesterase suggest that sex-
specific differences in neural response and disease course exist and need to be further 
investigated. 
Sex/Gender Differences in Psychiatric Symptoms 
Behavioral symptoms of AD include symptoms such as delusions, hallucinations, 
depression, apathy, irritability, and agitation (Cummings et al., 1994; Reisberg et al., 1987). 
They are typically referred to as neuropsychiatric symptoms (NPS), and affect up to 95% of 
patients with dementia over the course of their illness (Aalten, De Vugt, Jaspers, Jolles, & 
Verhey, 2005; Steinberg et al., 2004; Tariot et al., 1995). Because these symptoms incur 
additional functional impairment and caregiver burden, successful amelioration is an essential 
component of treatment. In a population based sample, examining sex/gender differences in NPS 
in patients with AD, Steinberg and colleagues found that women demonstrated an increased 
tendency toward anxiety and delusions, while men demonstrate more apathy and agitation 
(Steinberg et al., 2006). More recently, Tao and colleagues examined sex/gender differences in 
NPS in patients with AD who were enrolled in a treatment study for agitation (Tao et al., 2018). 
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They found that women had greater heterogeneity in the clinical presentation and a greater 
number of NPS compared to men. 
Sex/Gender Differences in Cognition 
Sex/Gender Differences in Verbal Memory. Memory pertains to the ability to learn, recall 
and retain new information. The earliest neurofibrillary changes that are part of the AD 
pathology usually occur in medial temporal lobe structures (e.g., hippocampus, entorhinal 
cortex) (Braak & Braak, 1991), interrupting the neural network critical for episodic memory 
function. In healthy individuals, older investigations (Kail & Siegel, 1978) of sex differences in 
learning and memory functions suggested that healthy older women showed superior verbal 
memory, while healthy older men showed superior spatial memory. In a typical list-learning task, 
participants are asked to rehearse words for several trials, and learning characteristics are 
recorded. Later, after short and long delays, free recall of those items is requested documenting 
both accuracy and error types.  
The California Verbal Learning Test (CVLT) (Delis, Kaplan, Kramer, & Ober, 2008), for 
example, tests recall of 16-items at each of five learning trials, followed by an intrusion list, the 
short-delay recall, and the long, 20-minute delayed free recall. Unbeknownst to the participant, 
the CVLT wordlist is purposely constructed with embedded semantic categories, which could 
elicit an organization strategy. Kramer and colleagues (Kramer, Delis, & Daniel, 1988) examined 
performance from a group of healthy older men and women on this task, and showed that women 
scored significantly higher than men across learning, immediate and delayed free recall trials. 
Importantly, women did so by generating higher instances of semantic clustering in their 
responses. This suggested that women had a self-initiated ability to semantically organize words 
during learning and recall. In contrast, men were more likely to use a passive organization, with 
greater likelihood of recalling items following the original serial presentation of words, or serial 
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clustering. A more recent examination (McCarrey, An, Kitner-Triolo, Ferrucci, & Resnick, 
2016) of cognitive trajectories in clinically healthy older adults replicated these sex differences, 
wherein women outperformed men in immediate and delayed recalls of the CVLT.  
Why women self-initiate this seemingly beneficial strategy is unclear. In another list 
learning task examining sex differences in young adulthood and adolescence, women again 
performed better than men on a verbal paired associates task that does not explicitly indicate 
elaboration (Waters & Schreiber, 1991). Yet, when the researchers encouraged strategy use and 
elaboration, sex/gender differences disappeared, suggesting sex/gender differences in self-
generated initiation of in-depth semantic processing. Women appear to intuitively utilize these 
elaborative strategies to promote better encoding and subsequent retrieval.  
While the above series of studies detailed verbal memory performance in a healthy 
population, it is important to verify whether sex/gender differences persist even in later disease 
stages. In a seminal series of studies (Sundermann, Biegon, et al., 2016; Sundermann, Maki, et 
al., 2016), Sundermann and colleagues examined sex differences in verbal memory in 
individuals diagnosed with MCI, using a different word list task, the Rey Auditory Verbal 
Learning Test (RAVLT) (Schmidt, 1996), which purposely lacks explicit semantic categories. 
They found that women with MCI outperformed men with MCI on total word recall at learning 
and at delay recall, despite equal levels of brain pathology (measured by comparable 
hippocampal volume atrophy and hypometabolism quantified by decreased temporal lobe 
glucose metabolic rates). These researchers propose that women may have greater availability of 
a sex-specific cognitive reserve (Stern, 2012), which underlies and supports the domain of verbal 
memory. Their alternate access to semantic associations aids in processing and retrieval of verbal 
information, which, in turn, may mask the degree of actual underlying pathological deficit. 
 13 
Women could then circumvent the effects of disease pathology, but this may mask what 
otherwise would be a diagnosis of MCI. These findings suggest that women who subsequently 
transition from MCI to AD had superior cognitive reserve but it delayed their clinical diagnosis. 
Further, Sundermann and colleagues (Sundermann, Biegon, et al., 2016; Sundermann, Maki, et 
al., 2016) found that the magnitude of the female advantage in verbal memory varied depending 
on severity of atrophy. That is, women’s advantage in verbal memory was evident despite 
minimal to moderate temporal hypometabolism and minimal to moderate hippocampal atrophy; 
however, this advantage was attenuated when hypometabolism or atrophy levels were more 
severe. Hence, women show better verbal memory performance than men, despite comparable 
levels of brain pathophysiology as measured by structural and functional neuroimaging in the 
early stages of disease.  
This suggests that MCI may only be clinically detected at a more advanced disease stage 
in women compared to men, because women are better able to compensate for greater underlying 
neuropathology during the early stages of the disease process. Consequently, women receive a 
diagnosis of MCI later in the disease course, and when they transition to AD, they may have 
more underlying pathology than men. These findings may help to explain the paradoxical sex 
differences in MCI and AD prevalence (Alzheimer’s Association, 2019b; Brookmeyer et al., 
2011; Petersen, Roberts, et al., 2010; Roberts et al., 2012).   
In patients diagnosed with AD, findings (Henderson & Buckwalter, 1994; Pusswald et 
al., 2015) suggested that women perform worse than men on verbal memory measures. 
Henderson & Buckwalter for instance found that women diagnosed with AD performed worse 
on recall of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) word list 
after controlling for the effects of age, education, and duration of illness (Henderson & 
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Buckwalter, 1994). The CERAD list learning task requires learning a 10-item word list across 
three trials, with a different word order for each trial. Similarly, Pusswald and colleagues’ (2015) 
examination of performance on the CERAD list learning task found that women in the early 
stage of AD recalled fewer items on average than did men. These data corroborate the 
Sundermann group’s findings (Sundermann, Biegon, et al., 2016; Sundermann, Maki, et al., 
2016), showing that in contrast to performance of healthy older adult and individuals diagnosed 
with MCI, once the clinical manifestation of AD ensues, women lose their verbal memory 
advantage and perform worse than the men (i.e., a threshold effect).  
More recently, Sundermann and colleagues (2019) have introduced sex-specific verbal 
memory norms and cut score criteria for the RAVLT to improve diagnostic accuracy in the 
ADNI dataset. When these sex-specific list-learning norms and cut scores were incorporated into 
the MCI diagnostic criteria, a subset of 10% of women—previously classified as healthy 
according to ‘standard’ previous diagnostic criteria—were reclassified as MCI (false negatives). 
Concordantly, the sex-specific diagnostic criteria reclassified a subset of 10% of men—
previously classified as having MCI—to normal healthy aging (false positives). Thus, accounting 
for the verbal memory advantage in women redistributed the MCI and healthy control samples 
and improved diagnostic accuracy. 
Sex/Gender Differences in Language/Semantic Knowledge. A discussion of 
sex/gender differences in cognition would be incomplete without acknowledging the linguistic 
component of verbal memory. Language and semantic knowledge for particular items or 
concepts and their associations is known to be disrupted as the neuropathology of AD spreads 
into temporal, frontal, and parietal cortices in which they are thought to be diffusely stored 
(Hodges & Patterson, 1995). These changes may reflect deterioration in the structure and content 
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of semantic memory (i.e., general knowledge of facts, concepts, and meaning of words) that 
support language. Sex differences of language function in AD need to be understood in the 
context neural representation of language throughout the lifespan. Language ability is typically 
lateralized to the left hemisphere; but there is reason to believe that sex hormones might be 
involved in the  hemispheric specialization for language. Geschwind and Galaburda (1985) 
proposed a complex and influential model of cerebral lateralization associated with fetal 
testosterone levels that modify neural development. According to their theory, functions become 
lateralized secondary to testosterone, wherein higher levels precipitate greater differentiation 
between right and left hemisphere functions. That is, right hemisphere superiority in boys may be 
caused by early testosterone levels, and occur at the expense of the left hemisphere, which is 
usually dominant for language.  
Language assessments examine the integrity of phonology, syntax, and semantics across 
production, repetition, comprehension, naming, reading, and writing abilities. In AD, language 
difficulties typically involve difficulty with production and comprehension (Kempler & Goral, 
2008). Among healthy adults, researchers have found that women outperform men on semantic 
tasks like verbal fluency and word generation (Herlitz, Airaksinen, & Nordstrom, 1999; 
Maccoby & Jacklin, 1974; Maitland, Herlitz, Nyberg, Backman, & Nilsson, 2004); however, this 
sex and gender difference is reversed in patients with AD (Bayles & Boone, 1982; Stevens, 
1989). For example, Ripich and colleagues (1995) found that language abilities of women 
diagnosed with AD were more severely impaired than men with AD. In their longitudinal 
analysis, they found that picture naming/word finding (Boston Naming Test) and word 
recognition abilities (Peabody Picture Vocabulary Test-Revised) for women were generally 
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poorer than those of men with similar Clinical Dementia Ratings (CDR) and demographic 
characteristics.  
While language is classically thought to be supported by perisylvian cortical regions, 
there is also evidence that memory structures involved in relational binding and representation 
flexibility (hippocampal declarative memory system) support on-line language processing (Duff 
& Brown-Schmidt, 2012). For instance, using direct recordings from hippocampal structures, 
Piai and Knight (2016) examined whether theta oscillations (pivotal in memory function) 
corresponded to the amount of contextual linguistic information provided in sentences. They 
found theta power increased during sentence processing, especially with contextualized sentence 
production versus uncontextualized. These results suggest that the same neuronal computations 
used by the hippocampus for memory function also sub serve language use. Similarly, Jafarpour 
and colleagues (2017) tested if the hippocampus anticipates expected stimuli prior to their 
appearance, and if this “pre-activation” affects behavior. Expectedly, they found that individuals 
were faster in naming expected pictures than other pictures. These studies indicate that the 
hippocampus may contain or provide access to a semantic map of conceptual relations and may 
reflect semantic associations.  
Similarly, memory tasks incorporate levels of linguistic representation (i.e. semantic, 
phonological, lexical, articulatory, etc.) that influence processing (Baddeley, 2003). The 
Declarative/Procedural model (Ullman, 2001, 2004) suggests that the learning, storage, and use 
of language depends on two learning and memory systems in the brain – an explicit declarative 
memory, and implicit procedural memory. In this model the “declarative memory” system is 
specialized for learning arbitrary, irregular word-specific knowledge (i.e., lexicon-related 
information) from associative binding subserved by temporal-lobe circuits; while the “procedural 
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memory” system is specialized for acquisition and use of regular phonological and 
morphological rules (i.e., grammar) that underlie symbol manipulation subserved by 
frontal/basal ganglia circuits (Nevat, Ullman, Eviatar, & Bitan, 2017). Ullman and colleagues 
attributed the female advantage on linguistic tasks to a more efficient declarative memory system 
with regards to semantic knowledge. 
Kaushanskaya and colleagues examined this model to investigate the presence of sex 
differences on a word-learning task. Specifically, they examined if sex differences on short-term 
memory tasks are tied to the involvement of long-term memory in the learning process 
(Kaushanskaya, Gross, & Buac, 2013). These researchers studied learning of phonologically 
familiar novel words and phonologically unfamiliar novel words in native English-speaking men 
and women. They found that women outperformed men on phonologically familiar novel words, 
but not on phonologically unfamiliar novel words. Conversely, women and men performed 
similarly when learning phonologically unfamiliar novel words that diverged from the English 
phonological structure. These findings suggest that women’s superior performance was rooted in 
their greater reliance on the native-language phonological knowledge and active recruitment of 
representational structures (from long-term memory) during the learning process. 
Sex/Gender Differences in Executive Function. As the above studies demonstrate, 
women seem to self-initiate access to lexical-semantic stores when presented with a list-learning 
task. Such higher-level cognitive strategies are concordant with the executive function literature. 
Executive function pertains to abilities associated with higher-level cognitive functions, such as 
reasoning, inhibition, shifting attention, rapid word retrieval, mental control and flexibility in 
thinking. Deficits in executive functions, occur early in the course of AD (Chen et al., 2001; 
Perry & Hodges, 1999). With regards to sex/gender differences, a recent literature review 
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(Grissom & Reyes, 2019) indicates that there are small and subtle to no differences in executive 
function across the lifespan. But there are sex/gender differences that emerge in strategy use that 
suggest different circuit and/or molecular mechanisms invoked to solve the same cognitive 
problem. In their study, Malpetti and colleagues (2017) examined sex/gender differences in brain 
metabolic activity and resting state network connectivity in healthy older adults and patients with 
AD. In healthy older adults, men demonstrated more age-related reduction of brain metabolism 
in frontal medial cortex than did women. Moreover, men showed metabolic increases—
corresponding to education and occupation levels—in posterior associative cortices, while 
women showed this association with anterior limbic-affective and executive networks. Across 
both diagnostic groups, metabolic connectivity suggests greater efficiency in the posterior default 
mode network for men, and in the anterior frontal executive network in women.  
Other neuroimaging studies (Christakou et al., 2009; Hill, Laird, & Robinson, 2014) also 
report different brain activation patterns in men and women during cognitive control and 
working memory tasks, suggesting a higher involvement of the prefrontal cortex in adult women 
and parietal cortex in men. Such a difference may arise from distinct lifelong neural mechanisms 
underpinning the same cognitive processes in men and women. Thus, although men and women 
may have the same ability, the strategies employed may be supported by different 
neurobiological mechanisms and networks, and therefore disease risk may be predicated on the 
vulnerability of the network disrupted during the disease course. 
Sex/Gender Differences in Cognitive Reserve Mechanisms. Furthermore, cognitive 
reserve may mask underlying cognitive decline through greater activation or broader recruitment 
of brain regions to support performance of novel tasks (Eyler, Sherzai, Kaup, & Jeste, 2011; 
Lenzi et al., 2011). The hemispheric asymmetry reduction in older adults (HAROLD) model 
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(Cabeza, 2002), suggests that old age is characterized by a significant reduction in 
neurofunctional lateralization of the prefrontal cortex. This model is supported by functional 
neuroimaging and behavioral evidence in the domains of episodic memory retrieval, working 
memory, perception, and inhibitory control. Cabeza and colleagues suggest that this model may 
result from a global reorganization of neurocognitive networks as well as from regional neural 
changes. Further, bilateral activity in older adults may reflect compensatory processes as well as 
dedifferentiation processes. Recently, Berlingeri and colleagues (2013) revisited this model and 
found that the HAROLD model captured only some of the age-related brain patterns observed in 
aging. These researchers expand the HAROLD-like pattern to regions outside the prefrontal 
cortex including temporal regions and parieto-occipital regions. In a study examining 
participants with MCI, Lenzi and colleagues (2011) found that despite the selective memory 
deficit, these patients showed changes of brain activity also within networks associated with 
language and attention – suggesting the presence of compensation mechanisms in patients at the 
earliest clinical stages of AD. These findings suggest that the compensation mechanisms may 
become progressively reduced with the evolution of the disease, until a critical “clinical 
threshold” is overcome. 
Whether these age-related compensatory processes differ by sex/gender are in question. 
In a recent study, Berger and colleagues (2018) examined men and women with temporal lobe 
epilepsy and frontal lobe epilepsy to investigate women’s verbal memory advantage. These 
researchers surprisingly found a female verbal memory advantage in patients with temporal lobe 
epilepsy, but not with frontal lobe epilepsy. This finding is consistent with other investigations 
(Berenbaum, Baxter, Seidenberg, & Hermann, 1997; Berger, Oltmanns, Holtkamp, & Bengner, 
2017) that have also demonstrated that women’s verbal memory advantage remains unaltered 
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even after temporal lobe epilepsy surgery, suggesting that temporal lobe structures may not be 
necessary for women’s memory advantage. Thus, frontal lobe structures may in fact support 
memory encoding and retrieval through organizational and controlling processes (Fletcher & 
Henson, 2001; Ojemann & Kelley, 2002). This hypothesis is supported by functional 
neuroimaging studies showing increased activation of frontal regions in women compared to 
men during working memory tasks (Goldstein et al., 2005; Hill et al., 2014). These finding are 
also in line with Sundermann et al.,  (2016) showing that the sex/gender effect in verbal memory 
does not correlate with hippocampal volume in healthy participants, and that sex/gender 
differences are still evident in patients with MCI or with moderate hippocampal atrophy. Thus, 
the women’s verbal memory advantage may be mediated by the frontal lobe. Overall, these early 
cognitive changes in AD with regards to verbal memory, language, and executive functioning 
suggest sex differences in their manifestations.  
Serial Position Effects (SPE) 
In the research studies highlighted above, the standard cognitive diagnostic metric for 
verbal memory consisted of recall of total list items at learning and delay trials. A more fine-
tuned, qualitative description of list learning, however, may be more sensitive to memory 
impairment: the serial position effect (SPE). SPE refers to the pattern in which words are recalled 
in accordance to the position in which they were presented. Hermann Ebbinghaus (1885) initially 
documented that recall of words varied as a function of their position on the list, referring to the 
list’s beginning (i.e., Primacy), Middle, and end (i.e. Recency). Subsequently, SPE profiles 
characterize the better recall of initial items (primacy effect) and last items (recency effect) 
compared to the middle items (Deese & Kaufman, 1957; Glanzer, 1968; Murdock, 1962). But, 
although both primacy and recency recall can be quantitatively high, they do not necessarily 
represent the same underlying theoretical phenomenon. SPE measures are posited to characterize 
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the well-documented dual-storage dissociation: the deep semantic processing of primacy items 
and the shallow phonological processing of recency items are theorized to be qualitatively and 
mechanistically different (Brimer & Mueller, 1979; Brower & Mueller, 1978; Craik & Lockhart, 
1972; Murdock, 1962). In the dual-storage model, the deep processing of primacy items is due to 
memory consolidation and semantic processing (Baddeley & Levy, 1971; Craik & Levy, 1970; 
Kintsch & Buschke, 1969; Kolers, 1966),   whereas the processing of recency items is shallow 
and relies on phonological processing (Atkinson & Shiffrin, 1968; Baddeley & Levy, 1971; 
Craik & Levy, 1970; Kintsch & Buschke, 1969; Murdock, 1962).  Primacy items, therefore, tap 
into both episodic and semantic memory integrity, whereas recency items tap into working 
memory capacity.  
SPE and Neuroanatomical Correlates 
In terms of brain-behavior correlates, consolidation has been shown to highly depend on 
preserved hippocampal function (Squire, 1992; Wixted, 2004). Correspondingly, primacy item 
learning would likely rely on temporal lobe (i.e. middle and inferior temporal gyrus, 
hippocampus and entorhinal cortex), supporting verbal semantic and semantic memory 
processes, while recency items would likely rely on bilateral superior temporal regions 
associated with phonological processes. Hermann and colleagues (1996) examined the 
contributions of the hippocampal formation to serial position profiles by studying epilepsy 
patients before and after anterior temporal lobectomy. They found that patients suffered 
significant declines in recall of primacy and middle item recall after hippocampal resections, 
with no declines observed on recency items. Talmi and colleagues (2005) replicated these 
findings in a functional magnetic resonance neuroimaging study, by comparing activation to old 
probes from the beginning of the lists (early probes) to activation to old probes from the ends of 
the list (late probes). They found that relative to control probes or new probes, early probes, but 
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not late probes, preferentially activated the left hippocampal memory system—that is, enhanced 
recruitment of the left medial temporal lobe for early probes but not late probes. This finding 
further provides support for the dual-process model of the serial position curve, with a qualitative 
difference between retrieval of early and late probes. Consequently, a preserved primacy effect 
may be a particularly sensitive indicator for intact encoding and consolidation abilities. 
SPE Profiles  
Behavioral assessments of SPE have been well studied in healthy controls (HC) and in 
individuals diagnosed with dementia. At learning, HC have shown a classic ‘U-shaped’ profile, 
reflecting comparable primacy and recency item recall, but fewer item recall from the middle 
position. Individuals diagnosed with MCI or AD have shown a diminished primacy effect, 
producing a ‘J-shaped’ profile (Howieson et al., 2011). Our work and others (Bruno, Reiss, 
Petkova, Sidtis, & Pomara, 2013; Foldi, Brickman, Schaefer, & Knutelska, 2003) have proposed 
that measures of delayed primacy performance are a phenotype of decline in hippocampal 
integrity associated with AD. That is, greater primacy item recall is represented with integrity of 
the memory systems mediated by the hippocampus and vice-versa. For example, Cunha and 
colleagues (2012) examined list-learning performance in patients diagnosed with MCI, and 
found reduced recall of items in the primacy region at delay, reflecting a diminished capacity in 
consolidation. More recent findings by Bruno and colleagues (2015) demonstrated that delayed 
recall of primacy items was in fact a better predictor of generalized cognitive decline than total 
memory performance, or performance anywhere else on the list (e.g., recency). Furthermore, 
they found that detailed analysis of serial position performance in delayed recall tests is more 
sensitive to the prediction of subsequent cognitive decline in healthy elderly subjects compared 
to total delayed recall performance. Poorer delayed primacy recall was associated with greater 
subsequent decline. These findings suggest that there is a sensitive association between 
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hippocampal volume and delayed primacy performance. That is, memory performance for the 
early list items can act as a behavioral surrogate to assess hippocampal integrity. Additionally, 
poor delayed primacy recall performance should be considered as a sign of potential cognitive 
decline. 
Sex/Gender Differences in SPE Profiles. As described in this review, the prevalence 
and incidence of AD, and brain structure and function, vary by sex/gender. To date, only one 
study (Kramer, Delis, Kaplan, O'Donnell, & Prifitera, 1997) has examined sex differences (as 
part of a larger analysis) in serial position profiles. In this study, Kramer and colleagues 
examined learning profiles of young children on the CVLT. They found that girls recalled more 
items in total and were also more likely than boys to cluster words together on the basis of their 
semantic categories. Additionally, when examining serial position profiles, they found that girls 
recalled more items from the primacy and middle positions of the list, with no differences 
observed in recency recall. These researchers suggested that girls are more likely than boys to 
use semantic organization, and self-initiate a verbally mediated learning strategy (i.e., semantic 
clustering). To date, sex differences in serial position profiles of adults—especially older 
adults—have not been investigated. 
Current Study 
The current study aimed to expand the investigation of sex differences in verbal list 
learning utilizing SPE measures. Assessments of memory function in those with MCI or AD 
have traditionally used measures from list learning tasks; particularly, performance is based on 
recall of the total list at learning, short and long delay. We proposed that using total list scores 
may not be a sensitive enough to 1) measure learning, retention and recall granularly as not all 
words are processed, learned and retrieved in the same manner (Foldi et al., 2003; Hermann et 
al., 1996; Murdock, 1962), and 2) adequately capture sex/gender differences in AD and MCI 
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conversion rates. We proposed that serial position measures may provide better evidence-based 
understanding sex differences in learning and consolidation strategies. By doing so, we sought to 
explain the dramatic sex differences in the time course of disease and refine the source of these 
differences. The goals of the current study were to target whether women’s advantage in list-
learning presented differentially on SPE measures. We posited that women may perform better 
than men because of their ability to harness and self-initiate more efficient strategies which 
would be captured by different serial position profiles across learning and later retrieval.  
Aims and Hypothesis 
Aim 1. To contrast sex differences in SPE profiles in Healthy Controls (HC) and in 
patients diagnosed with MCI during word-list learning, short and delayed recalls. 
Hypothesis 1. We hypothesized that if women performed better than men overall, their 
advantage would be driven by preferential recall of items in the Primacy and/or Middle 
positions, which are posited to be deeply semantically processed, as compared to the shallowly 
processed Recency items. 
Exploratory item analysis. In order to better understand which items are driving the 
differences observed in men and women, we will perform an item level analysis to examine 
difficulty and discriminability of each word on the RAVLT word list.  
Aim 2.  To examine the neuroanatomical correlates of SPE to determine if there are sex-
specific differences by brain region. Specifically, to examine the SPE list positions’ associations 
with hippocampus (memory) and with dorsolateral prefrontal cortex (executive and organizing 
processes). 
Aim 2a. To determine the association of temporal brain integrity, as defined by 
Hippocampal Volume Ratio (HPVR), with each SPE list position at learning, short, and long 
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delay recall in men and women. We conducted two separate multiple regression analyses to 
differentiate HC and patients diagnosed with MCI. 
Hypothesis 2a. We hypothesized that in HC, we would not see a strong association 
between HPVR and SPE performance; further, we would not see a significant interaction 
between HPVR and Sex/Gender. In the MCI group, we hypothesized that men and women would 
demonstrate similar reliance on HPVR, such that we would find a significant main effect for 
HPVR but no significant interaction of Sex with HPVR at each time point and each list position. 
This would indicate that men and women accessed and processed the word list similarly in a 
well-known memory structure. 
Aim 2b. To examine the association of prefrontal brain integrity (dorsolateral prefrontal 
cortex volume ratio; DLPFCVR) with SPE profiles at learning, short, and long delay recall. 
Hypothesis 2b. We hypothesized that women’s better recall of words may reflect a sex-
specific advantage, drawing on executive frontal brain regions. Hence we hypothesized a 




This study was approved by the Institutional Review Board of Queens College – CUNY 
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access the ADNI dataset was granted to N.S. Foldi (#2016-0630) supported by NIH NIGMS – 
SC3-GM122662 - PI N.S. Foldi. All data from the dataset are derived from de-identified 
participants, as stipulated by the consent of participants and caregivers in the ADNI agreement. 
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Data source 
Data were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI, 2010) 
database (adni.loni.usc.edu). When ADNI was established, participation was approved by the 
institutional review board at each testing site and was compliant with data use practices specified 
by the Health Insurance Portability and Accountability Act. All participants provided written 
consent. All participants underwent clinical and cognitive evaluations at each ADNI visit. The 
broad aim of ADNI is to test whether neuroimaging markers, other biological markers, and 
clinical and neuropsychological assessment can be combined to measure the progression of MCI 
and early AD (Aisen et al., 2010; Petersen, Aisen, et al., 2010).  
Participants 
Participants were aged 55–90 years. Their diagnosis was reached by consensus within the 
ADNI project using the McKhann (1984) criteria identifying participants as healthy controls 
(HC), MCI, or AD dementia. Each diagnostic assignment was established during a participant's 
entry into ADNI-1, which occurred between 2004-2010. Participants in this study were limited to 
those diagnosed as healthy controls (HC, N = 190) or with MCI (N = 323) in the ADNI-1 wave 
(N = 513). 
Diagnostic Criteria as used in ADNI-1 
HC: Mini-Mental State Examination [MMSE; (Folstein, Folstein, & McHugh, 1975)] 
score between 24 and 30, and a CDR of 0 (Petersen, Aisen, et al., 2010). 
MCI:  MMSE score between 24 and 30, CDR of 0.5, a subjective memory complaint, 
objective memory loss as measured by age and education-adjusted scores on the Wechsler 
Memory Scale Logical Memory II, no significant impairment in either other cognitive domains 
or interference in daily life activities (Aisen et al., 2010; Petersen, Aisen, et al., 2010). 
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Measures 
Neuropsychological Battery in ADNI 
The neuropsychological battery used in ADNI-1 was comprehensive and included 
measures of memory, executive function, attention, visuospatial ability, and language. At 
baseline, participants were given: (1) American National Adult Reading Test (Grober & 
Sliwinski, 1991), (2) MMSE, (3) Digit span (Wechsler, 1945), (5) Category fluency (Harrison, 
Buxton, Husain, & Wise, 2000), (6) Trail Making A and B (Reitan, 1958), (7) Digit Symbol 
Substitution Test of the Wechsler Adult Intelligence Scale–Revised (Wechsler, 1981), (8) Boston 
Naming Test (Kaplan, Goodglass, Weintraub, & Goodglass, 1983), (9) Rey Auditory Verbal 
Learning Test [RAVLT; (Schmidt, 1996)], (10) Clock drawing (Spreen & Strauss, 1998), (11) 
Neuropsychiatric Inventory Questionnaire (Cummings et al., 1994), (12) AD Assessment Scale–
Cognitive Subscale (Rosen, Mohs, & Davis, 1984), and (13) Functional Assessment 
Questionnaire (Pfeffer, Kurosaki, Harrah, Chance, & Filos, 1982). 
Rey Auditory Verbal Learning Test (RAVLT) 
ADNI-1 used the RAVLT as its primary list-learning measure. At learning (Learning), 
participants were required to list as many words from a 15 item non-related word list which they 
were read, over five consecutive trials. The list presentation order remained constant across all 
five trials. After an interference list trial, participants were asked to recall as many words as they 
could from the original list without another exposure to it (Short Delayed Recall). The 
participants then completed 30 minutes of unrelated activities, after which time the participants 
were asked again to recall as many words as they could from the first list (Long Delayed recall).  
Serial Position Effect Scoring of the RAVLT. Serial position scores are typically 
calculated based on performance accuracy within a portion of a list relative to accuracy of the 
total list (Delis, Kramer, Kaplan, & Ober, 2000). As described by (Foldi et al., 2003) and 
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(Hermann et al., 1996), a more targeted measure of list performance on list position is to 
calculate the ratio correct for each of three list positions (primacy, middle, and recency) relative 
to the items presented within that position. Our decision to divide the 15 item list into three 
components (4 – 7 – 4) was based on the theory of neural capacity (Cowan, 2001). Primacy 
(PRI) item recall was defined as the proportion of the number of correctly recalled items from 
the first four items of the word list. Middle (MID) performance was defined as the proportion of 
correctly recalled items from the seven middle positions between the primacy and recency 
words.  Recency (REC) performance was defined as the proportion of the number of correctly 
recalled items from the last four items. Finally, these were measured across three time points: 
Trials 1-5 cumulative learning trials (Learning), Short Delay free recall, and Long Delayed free 
recall.  
MRI Acquisition 
Structural MRI scans were collected on a 1.5T scanner based on standardized protocol 
that was validated across ADNI sites. High-resolution, T1-weighted volumetric magnetization-
prepared rapid echo sequences and were collected in the sagittal plane, while T2-weighted fast-
spin echo sequences were collected in the axial plane. Validation and procedures are described at 
(www.loni.usc.edu/ADNI) 
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Hippocampal Volumetric Ratio. Individual brain scans were fitted to a template brain, and 
hippocampal volume was measured by counting the voxels that corresponded to the 
hippocampus. We used bilateral measures of both right and left hippocampi. In order to control 
for sex differences in head size, we calculated the HPVR with the following formula: [(left 
hippocampal volume + right hippocampal volume)/intracranial volume] x 103. Thus, HPVR 
represents a proportional, regional, gray matter volume.  
 
Dorsolateral Prefrontal Cortex Volume Ratio. As described by Stricker and colleagues 
(Stricker et al., 2011), in order to define the dorsolateral prefrontal cortex region, we combined 
rostral and caudal middle frontal along with frontal pole. Again, we used a bilateral measure. To 
control for sex differences in head size, we calculated the DLPFCVR using the formula: [(left 
rostral middle frontal volume + right rostral middle frontal volume + left caudal middle frontal 
volume + right caudal middle frontal volume + left frontal pole volume + right frontal pole 
volume)/intracranial volume] x 103. Thus, similar to HPVR, DLPFCVR represents a 
proportional, regional, gray matter volume.  
Analyses 
Analyses Aim 1 
For each diagnostic group (HC and MCI), nine multivariable linear regressions analyses 
were conducted. Percent recall at each SPE position (Primacy, Middle, and Recency) at each 
Time Point (Learning, Short Delay, and Long Delay Recall) was predicted by Sex/Gender 
(Women vs Men), controlling for APOE-ε4 carrier status, Education, and Age.  
Exploratory analyses 
We conducted a discriminability item analysis to examine what items differentiated recall 
between men and women. Discrimination index was calculated using upper and lower 27% of 
the total group as commonly used in item analysis (Kelley, 1939). 
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Analyses Aim 2 
Multiple linear regression analyses (stratified by Diagnosis) were conducted for each 
brain region (HPVR and DLPFCVR) to determine Sex/Gender x Region interactions at each SPE 
position (Primacy, Middle, Recency) and Time Point (Learning, Short Delay, Long Delay). 
Analyses covaried Age, Education, and APOE-ε4 status. 
Results 
Descriptive Statistics/ Sample Characteristics 
The sample comprised of 190 HCs and 323 MCIs (see Table 1). In the HC group, there 
were no significant differences between women and men on Age (p = 0.95), Race (p = 0.13), and 
APOE-ε4 carrier status (p = 0.97). There were, however, significant differences between men 
and women in years of education, with women having fewer years of formal education (p < 
0.001). With regards to performance on percentage recall on Primacy, Middle, and Recency 
items across all Time Points (Learning, Short Delay, Long Delay), women significantly out-
performed men on SPE-Middle and Recency at Learning (p < 0.001), p < 0.02) and SPE-Middle 
and Recency at Short Delay (p < 0.01, p < 0.01). With regards to brain volume ratio, both HPVR 
and DLPFCVR were significantly larger in women as compared to men (p < 0.001).  
In the MCI group there were no difference between women and men on Race (p=0.76) 
and APOE-ε4 carrier status (p = 0.88). There were significant differences in Age (p = 0.03) and 
Education (p < 0.01), with women presenting younger and less educated than men. With regards 
to performance on percentage recall on Primacy, Middle, and Recency items across all time 
points, women significantly outperformed men on Middle at Learning (p < 0.001). With regards 
to brain volume ratio, both HPVR and DLPFCVR were significantly larger in women compared 
to men (p < 0.05).  
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Aim 1 Results 
We hypothesized that sex/gender differences in learning and recall would be driven by 
deep semantic processing on Primacy as well as Middle items. We ran nine multivariable linear 
regressions analyses for each diagnostic group (HC and MCI). Percent recall at each SPE 
position (Primacy, Middle, and Recency) at each Time Point (Learning, Short Delay, and Long 
Delay Recall) was predicted by Sex/Gender (Women vs Men), controlling for APOE-4 status, 
Education, and Age (see Tables 2 and 3). 
In the HC group, Sex/Gender significantly predicted performance in percent accuracy 
recall on Middle and Recency item recall at Learning (b = .12 [.07, .16]; and b = .06 [.01, .11] 
respectively), Middle and Recency item recall on Short Delay (b = .16 [.08, .24]; and b = .13 
[.05, .22] respectively), and Middle item recall on Long Delay (b = .09 [.00, .17]) wherein 
women recalled significant more words.  
In the MCI group, Sex/Gender significantly predicted performance in percent accuracy 
recall on Primacy and Middle item recall at Learning (b = .05 [.00, .10]; and b = .08 [.05, .12] 
respectively), and Middle item recall on Short Delay (b = .06 [.01, .12]). See Figures 1 and 2.  
Exploratory Analysis 
We conducted a discriminability item analysis to examine which words best 
differentiated performance between men and women. We found that “parent,” “moon,” and 
“school” (the first three words in the Middle items of the word list) demonstrated the strongest 
discrimination index, for which women more accurately recalled these items than men (0.19 – 
0.20; see Table 4). 
Aim 2 Results 
Our second aim examined neuroanatomical correlates of percent accuracy recall of SPE 
across time.  
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Aim 2a Results 
First, we conducted multivariable regression analyses examining hippocampal brain 
integrity. Multivariable regression analyses were conducted to predict percentage recall accuracy 
at Primacy, Middle, and Recency positions based on Sex/Gender and HPVR, covarying for Age, 
Education, and APOE-ε4 carrier status in each diagnostic group (see Tables 5 and 6).  
In the HC group, we surprisingly did not find a significant association between HPVR 
and percent accuracy recall at any list position (Primacy, Middle, Recency) across time 
(Learning, Short Delay or Long Delay; see Table 5). Sex/Gender also did not significantly 
predict performance on any serial position across any time point. We did, however, find a 
significant Sex/Gender X HPVR interaction for Recency at Long Delay (b = .15 [.01, .29]), but 
no other interaction across any list position or time point. Figure 3 depicts the significant 
interaction showing that women with higher HPVR (higher end of the HPVR spectrum) 
significantly outperformed men with larger HPVR on Recency item recall at Long Delay. With 
smaller HPVR this relationship is reversed with men outperforming women. 
In the MCI group, we hypothesized that men and women would demonstrate similar 
reliance on HPVR at each SPE list position. This hypothesis was supported, wherein we found 
that on Primacy and Middle item recall, HPVR significantly predicted percent accuracy recall 
across each of the three time points (Primacy Learning (b = .05 [.01, .10]), Middle Learning (b = 
.04 [.00, .07]) and Primacy Short Delay (b = .17[.10, .23]), Middle Short Delay (b = .08 [.03, 
.13]), Primacy Long Delay (b = .15 [.09, .21]), Middle Long Delay (b = .11 [.06, .17])), and 
Recency Long delay (b = .08[.03, .13]; see Table 6). Sex/Gender did not significantly predict 
performance on any serial position across any time point, and we did not find a significant 
interaction for Sex/Gender x HPVR across all positions and time points. Figure 4 demonstrates 
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this relationship wherein both women and men show better recall on Primacy and Middle items 
with higher HPVR across Learning, Short Delay, and Long Delay Recall. 
Aim 2b Results 
To address our hypothesis that women’s better recall of words may reflect sex-specific 
neural organization drawing in executive frontal brain regions, we conducted a multivariable 
regression analyses examining prefrontal brain integrity. As such, multivariable regression 
analyses were conducted to predict percentage recall accuracy at Primacy, Middle, and Recency 
based on Sex/Gender and DLPFCVR, covarying for Age, Education, and APOE-ε4 carrier status  
in each diagnostic group (see Table 7 and 8).  
In the HC group, we did not find a significant association between DLPFCVR and 
percent accuracy recall at any position across all time points (Learning, Short Delay or Long 
Delay). Sex/Gender also did not significantly predict performance on any serial positions across 
any time point.  Lastly, we did not find a significant Sex/Gender x DLPFCVR interaction across 
any time point for percent accuracy recall (see Figure 5). 
In the MCI group, we did not see find a significant association between DLPFCVR and 
percent accuracy recall at any position across all time points (Learning, Short Delay or Long 
Delay). Sex/Gender, however, significantly predicted performance on percent recall on Middle 
items across all time points (Learning (b = .-.43 [-.76, - .10]), Short Delay (b = -.63 [-1.14, -.13]), 
and Long Delay (b = -.47 [-.94, -.01])). When we examined the interaction, we found a 
significant Sex/Gender x DLPFCVR interaction for Middle item recall across all time points 
(Learning (b = .02 [.01, .04]), Short Delay (b = .03 [.01, .05]), and Long Delay (b = .03 [.01, 
.05]). Figure 6 demonstrates this relationship. Women with higher DLPFCVR (higher end of the 
DLPFCVR spectrum) significantly outperformed men with larger DLPFCVR on Middle item 
recall across all time points (Learning, Short Delay, and Long Delay).  
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Discussion 
This study examined verbal memory using SPE to explore sex/gender differences in the 
early development of Alzheimer’s disease, comparing healthy controls and persons with MCI. 
Women’s advantage in many types of verbal learning has been well documented (Kramer et al., 
1988; Sundermann, Biegon, et al., 2016; Sundermann, Maki, et al., 2016), but the disparity in 
which more men are diagnosed with MCI (Roberts et al., 2012) and more women diagnosed with 
AD (Alzheimer's Association, 2019a; Brookmeyer et al., 2011) forms a paradox. The aim of this 
study was to use a granular approach, comparing performance in healthy individuals and persons 
with MCI, and demonstrate whether Primacy, Middle and Recency list-item recall during 
learning and later recall could shed light on these sex-specific characteristics. We first 
hypothesized that women’s better verbal learning performance would engage broader mnemonic, 
linguistic, and executive mechanisms (Kramer et al., 1988; McCarrey et al., 2016), and that these 
differences would be reflected by sex differences in serial position profiles. Our second 
hypothesis proposed that sex-specific patterns of distinct neuroanatomical regions would be 
differentially correlated with list position performance, implicating the divergent patterns of 
neural recruitment to perform the task. Our findings supported these hypotheses. We showed that 
while both men and women with early disease performed worse than healthy controls, women 
with MCI showed a learning and recall advantage in recalling Middle list position items, 
suggesting an executive mechanism that taps a broader strategy associated with prefrontal 
integrity.   
Our first aim examined sex/gender differences in serial position profiles between men 
and women categorized as HC or as patients with MCI. We hypothesized that women would 
benefit from list positions that would recruit deeper more than shallow processing, such that we 
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would see sex/gender differences on Primacy and Middle item recall. In HC we found that 
sex/gender significantly predicted performance on Middle and Recency items on Learning and 
Short Delay recall, and Middle item recall on Long Delay. In the MCI group, we found that 
sex/gender significantly predicted performance on Primacy and Middle item recall on Learning, 
and Middle item recall on Short Delay. In both the healthy controls and patients with MCI, we 
found significant sex/gender contributions for Middle item recall across learning and delayed 
recall. These Middle items are described as the difficult to learn, and quickly forgotten items 
(Murdock, 1962), and, our findings suggest that these Middle items capture a source of the 
sex/gender advantage in list learning for women.  
In the dual storage memory model (Craik & Levy, 1970; Glanzer, 1968), Primacy item 
recall depends more heavily on deeper semantic memory processes, whereas Recency item recall 
relies on surface phonological processing. Notably, in this model and in much of the SPE 
literature (Bruno, Grothe, Nierenberg, Teipel, et al., 2015; Cunha et al., 2012; Egli et al., 2014; 
Foldi et al., 2003; Hermann et al., 1996; Kasper et al., 2016; Murdock, 1962; Talmi et al., 2005), 
Middle items are not examined. In our hypotheses, we predicted that recall of Middle items 
would also benefit from deep semantic processing (similar to Primacy items). It may be possible 
that women’s better learning and recall of these ‘harder’ middle positioned list items may be due 
to engaging multiple mnemonic, linguistic, and executive directives, much like the Primacy 
items. 
In order to understand possible neural mechanisms used by women, our second aim 
addressed neuroanatomical correlates of SPE to determine if there were sex-specific differences 
in brain organization. We first examined SPE association to a known memory structure, namely 
hippocampus, and then examined whether executive processes could reflect sex-specific ability 
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to encode and recall more challenging list items, namely dorsolateral prefrontal cortex. We 
hypothesized that we would not see significant sex/gender interactions with hippocampus as this 
is the memory structure similarly affected in MCI in both men and women (Cunha et al., 2012; 
Dickerson et al., 2004; Jack et al., 2000; Jak et al., 2009; Kasper et al., 2016), but would see a 
sex/gender interaction with executive frontal regions. In healthy controls, we did not see a 
significant association with hippocampus or a sex/gender by hippocampus interaction. In the 
MCI group, we observed that both men and women demonstrated similar reliance on 
hippocampus as indicated by a main effect for hippocampus, but no interaction of sex/gender and 
hippocampus.  
We examined SPE correlates to dorsolateral prefrontal cortex volume, hypothesizing that 
women’s better recall of words may reflect a different neural organization than men drawing on 
executive frontal brain regions. In healthy controls, dorsolateral prefrontal cortex volume was 
neither associated with SPE recall at any position (Primacy, Middle and Recency) across any 
time point (Learning, Short Delay and Long Delay recall), nor with an interaction. In the MCI 
group, there was also no main effect of either dorsolateral prefrontal cortical volume and 
association to SPE recall (Primacy, Middle, and Recency). The Sex/Gender by DLPFCVR 
interaction on Middle item recall, however, was significant across each of the three time points 
(Learning, Short Delay and Long Delay).  The interaction showed that in patients with MCI, 
women, compared to men, had better recall of Middle list items and this was associated with 
greater dorsolateral prefrontal cortex. 
Hence, even though women are meeting criteria for MCI, their reliance on brain regions 
other than hippocampus may reflect an alternate organization of verbal information and resulting 
in better list learning performance. Given previous findings (Barnes, Wilson, Bienias, et al., 
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2005; Liesinger et al., 2018) indicating greater severity of neurofibrillary tangles in the 
hippocampus for women, they may recruit alternative networks earlier on. While women 
demonstrate this sex-specific verbal-memory advantage, a potential consequence is that this 
better verbal memory advantage may then mask true underlying disease- related impairment. 
Thus, looking back at our prevalence paradox, women may require more neurodegeneration 
before clinical impairment is detectable, hence we are missing them at the MCI stage but 
catching them at AD. 
Sundermann and colleagues (2016; 2016) proposed that women’s sex-specific cognitive 
reserve in verbal memory allows them to sustain function for longer compared to healthy men or 
men with MCI. Our findings refine the sex-specific cognitive reserve and newly suggest that 
learning and retrieval of Middle SPE items capture a source of this sex advantage of list 
learning. Furthermore, a sex disparity in serial position profiles was associated with distinct 
neural regional volumes for Middle list items. Women’s better recall of Middle items was 
associated with prefrontal volume integrity, while there were no differences in executive frontal 
associations on Primacy and Recency positions. Women’s reliance on brain regions other than 
hippocampus may reflect an alternate organization of verbal information and promote a different 
list learning strategy.  
Kramer and colleagues (1988) findings in healthy older adults support this alternate 
organization strategy hypothesis. They analyzed sex differences on total recall of the CVLT 
(Delis, Kramer, Kaplan, & Ober, 1987) showing that women scored significantly higher than 
men on all phases of learning, immediate and delayed free recall trials, and did so by using 
higher levels of semantic clustering. The authors suggest that self-initiated, more efficient 
organization of words based on the embedded semantic properties (Kramer et al., 1988) gave 
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women this advantage. Thus, women may be more efficient than men at initially organizing 
words by recognizing and using categorical organizational cues that are embedded in the CVLT. 
Notably, the RAVLT word list used in the ADNI data collection was not developed with 
intentional semantic categories. Even without this list composition, however, women appear to 
be initiating some strategy on their own to promote better encoding and subsequent retrieval of 
not only verbal information, but notably hard to learn verbal information. Possible strategies 
could be invoking mnemonic, linguistic, and executive mechanisms, all of which involve deeper 
processing, and ultimately benefit these more difficult to learn Middle list items. This hypothesis 
is consistent with Waters and Schreiber (1991), who proposed that women generally initiated a 
beneficial strategy in completing a word association task, while men did not engage in 
elaborative strategies unless explicitly told to do so.   
Other compensatory strategies are reported in older adults (Cabeza, 2002) and in patients 
with MCI, both of which propose recruitment of bilateral involvement and other brain networks 
(Lenzi et al., 2011). In the hemispheric asymmetry reduction in older adults model, Cabeza 
proposes that there is a reduction in neurofunctional lateralization in older age, where older 
adults recruit bilateral brain regions to help them perform tasks that would be lateralized for 
younger adults (Cabeza, 2002). Similarly, in their investigation of patient’s with MCI, Lenzi and 
colleagues found that patients developed compensatory strategies, such that they demonstrate 
increased activation of brain networks (Lenzi et al., 2011). Building on these compensatory 
models, our findings suggest that there are sex/gender differences in compensation such that they 
are involving different strategies, and different neurological networks (i.e., frontal regions) that 
have not yet been affected by disease. While there has been a recent surge in the literature on 
understanding sex differences in biological mechanisms on disease process, our findings 
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demonstrate the importance of examining the influence of sex/gender contributions on cognition. 
While our study did not examining connectivity our findings illustrate how of experiences of 
sex/gender may shapes neuroarchitecture for men and women, and result in differential 
recruitment of brain regions. And importantly, given that these differences occur throughout the 
life span, these differences should be examined in the context of development. Furthermore, as 
we move in this era of precision medicine, it is important to contextualize disease progression 
with known sex/gender differences. 
Limitations 
This study has several limitations. As the dataset used for this study is ADNI (Aisen et 
al., 2010; Petersen, Aisen, et al., 2010), our data was highly reliant on their participant selection. 
ADNI is a multi-site observational longitudinal study that characterizes individuals on 
neuropsychological assessment, biomarkers, demographic, and clinical measures. ADNI used 
identical recruitment mechanisms as clinical trials research, including advertising and 
recruitment from memory clinics. As such, our data is from a highly selected convenience 
sample and not from a general population. Previous studies (Ramirez et al., 2016; Whitwell et 
al., 2012) comparing biomarker measurements (e.g. brain atrophy, cerebrovascular diseases) 
observed in ADNI to population-based samples have found that ADNI disproportionately 
included individuals who were already on the path to AD dementia with minor cerebrovascular 
contributions compared to population based cohorts. Hence, our findings may be not be 
representative of the general population. Therefore, these findings will need to be validated in a 
more distributed population-based sample.  
Another limitation was the lack of diversity in the ADNI sample: ADNI participants are 
primarily (over 90%) Caucasian, limiting generalization to known racial/ethnic differences on 
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disease progression and risk (Barnes, Wilson, Li, et al., 2005; Manly et al., 2008). Relatedly, 
while we were able to examine sex/gender differences to address on disparity in AD, there are 
also marked racial and ethnic differences in the prevalence of AD that we could not examine in 
this dataset. Moreover, it is important to examine the intersection of race/ethnicity and 
sex/gender. 
Furthermore, individuals from this dataset are disproportionately highly educated, further 
limiting the generalizability. Another limitation is that we selected individuals who were 
diagnosed as MCI, without specification to any subtypes of this diagnosis (e.g., amnestic MCI); 
these data are not available from ADNI-1 group. Consequently, there may be significant 
variability within our MCI group. Relatedly, while there have been multiple waves of ADNI 
(currently in phase 3), documentation of granular cognitive data was only collected for the first 
wave. Our findings highlight the importance of examining qualitative processing of cognitive 
data and as such we encourage the documentation and gathering of granular cognitive data for 
existing and ongoing ADNI waves as well as other large-scale AD initiatives.  
An important limitation to note in our study is the assumed equivalence of sex and gender 
in our dataset. As discussed earlier, sex and gender are performative roles and without self-report 
we do not adequately capture the biological and sociocultural implications that a self-reported 
gender could. For example, in their examination of cognitive trajectories over time, Avila and 
colleagues (2019) demonstrate that self-reported gender can affect cognitive trajectories and is a 
relevant factor when examining sex/gender differences. Lastly, our study only investigated cross-
sectional data from the ADNI sample at baseline; future studies would be strengthened by 






Table 1  
 
Sample characteristics by sex and diagnostic group 
 
 Healthy Controls (HC; N = 190)  Mild Cognitive Impairment (MCI; N = 323) 
Parameters Women (n = 91) Men (n = 99) p Value  Women (n = 113) Men (n = 210) p Value 
Age (years) 76.2 (4.9) 76.3 (5.2) 0.95  73.9 (7.2) 75.7 (7.2) 0.03 
Educations (years) 15.1 (2.8) 16.9 (2.7) <0.001  15.1 (3.1) 16.0 (2.8) 0.007 
Race (% Caucasian)  89.0 94.9 0.13  92.9 93.8 0.76 
APOE4 carrier (%) 22.0 22.2 0.97  57.5 56.7 0.88 
SPE Learning Recall        
Primacy (%) 59.5 (17.9) 57.3 (19.2) 0.41  39.6 (21.1) 35.1 (20.4) 0.06 
Middle (%) 54.3 (14.2) 44.0 (16.9) <0.001  32.9 (17.1) 24.7 (15.2) <0.001 
Recency (%) 76.4 (13.3) 71.3 (17.0) 0.02  68.3 (18.1) 68.4 (15.3) 0.97 
SPE Short Delay Recall        
Primacy (%) 64.6 (27.9) 58.1 (33.1) 0.15  32.3 (31.6) 26.7 (29.5) 0.12 
Middle (%) 61.4 (25.5) 48.8 (29.6) 0.002  27.4 (27.3) 21.6 (22.5) 0.05 
Recency (%) 51.4 (30.1) 39.4 (27.9) 0.005  21.2 (27.4) 25.4 (25.4) 0.19 
SPE Learning Recall        
Primacy (%) 56.9 (32.5) 53.8 (33.6) 0.52  21.5 (29.1) 17.1 (26.3) 0.19 
Middle (%) 57.6 (27.6) 50.2 (29.7) 0.08  23.8 (29.4) 17.8 (23.3) 0.06 
Recency (%) 42.3 (30.4) 35.1 (27.6) 0.09  14.6 (20.5) 16.9 (22.5) 0.35 
Brain Volume Ratio        
HPVR1 4.45 (0.59) 4.16 (0.57) <0.001  3.79 (0.69) 3.57 (0.62) 0.004 




SPE = Serial position effect 
1 Hippocampal / intracranial volume x 103 






Table 2  
 
Multivariable linear regression analyses modeling the independent effects of Age, Education, APOE-ε4, and Sex/Gender on percentage recall in 






Table 3  
 
Multivariable linear regression analyses modeling the independent effects of Age, Education, APOE-ε4, and Sex/Gender on 
percentage recall in  


















Discriminability of RAVLT Words between Women and Men (across diagnostic groups)  
 
RAVLT Words 





1. Drum 0.09 
2. Curtain 0.08 
3. Bell 0.07 
4. Coffee 0.02 
5. School 0.18 
6. Parent 0.20 
7. Moon 0.17 
8. Garden 0.15 
9. Hat 0.11 
10. Farmer 0.08 
11. Nose 0.06 
12. Turkey 0.04 
13. Color 0.13 
14. House  0.03 










Multivariable linear regression analyses modeling the independent and interactive effects of Age, Education, APOE-ε4, Sex/Gender, 
and Hippocampal Volume Ratio (HPVR) on percentage recall in Primacy, Middle, and Recency items of the Rey Auditory Verbal 





































Multivariable linear regression analyses modeling the independent and interactive effects of Age, Education, APOE-ε4, Sex/Gender, 
and Hippocampal Volume Ratio (HPVR) on percentage recall in Primacy, Middle, and Recency items of the Rey Auditory Verbal 



































Multivariable linear regression analyses modeling the independent and interactive effects of Age, Education, APOE-ε4, Sex/Gender, 
and Dorsolateral Prefrontal Cortex Volume Ratio (DLPFCVR) on percentage recall in Primacy, Middle, and Recency items of the Rey 


















Multivariable linear regression analyses modeling the independent and interactive effects of Age, Education, APOE-ε4, Sex/Gender, 
and Dorsolateral Prefrontal Cortex Volume Ratio (DLPFCVR) on percentage recall in Primacy, Middle, and Recency items of the Rey 












Percentage recall on Primacy, Middle, and Recency items of the Rey Auditory Verbal Learning 























Percentage recall on Primacy, Middle, and Recency items of the Rey Auditory Verbal Learning Test (RAVLT) 



































Relationship between hippocampal volume/intracranial volume ratio (HPVR) and percentage recall on Primacy, 



















































Relationship between hippocampal volume/intracranial volume ratio (HPVR) and percentage recall on Primacy, 



















































Relationship between dorsolateral prefrontal cortex volume ratio (DLPFCVR) and percentage recall on 


















































Relationship between dorsolateral prefrontal cortex volume ratio (DLPFCVR) and percentage recall on 
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